Title of article: "Ilościowy opis form zużycia jednowarstwowych ściernic z cBN, pracujących z różnymi prędkościami szlifowania" ("Quantitative description concerning wear forms of cBN single-layer grinding wheels working with different grinding speeds") Mechanik, Vol. 91, No. 10 (2018) Knowledge about the forms of grinding wheel active surface (GWAS) allows for a better understanding of the phenomena occurring on the grinding wheel during its operation. However, the qualitative and quantitative evaluation of wear of grinding wheels requires the application of various methods for data quantification and their further analysis. These methods may take into account two or three dimensional data obtained from observation/ measurement of GWAS. Due to the large amount of data, their analysis should be based on computer methods.
Knowledge about the forms of grinding wheel active surface (GWAS) allows for a better understanding of the phenomena occurring on the grinding wheel during its operation. However, the qualitative and quantitative evaluation of wear of grinding wheels requires the application of various methods for data quantification and their further analysis. These methods may take into account two or three dimensional data obtained from observation/ measurement of GWAS. Due to the large amount of data, their analysis should be based on computer methods.
Studies on various forms of GWAS wear are most often based on the visual assessment of abrasive grains, bond and free space on GWAS. For this purpose, 2D images of GWAS are needed at the appropriate magnification, obtained in microscopic studies, e.g. on optical microscopes or electron force microscopes (SEM). Thanks to the good quality 2D GWAS images, a researcher who understands knowledge and experience can recognize different forms of GWAS wear. However, this is only quality information about the wear processes that the abrasive consumes. The quantitative assessment is more demanding and depends on the design and forms of grinding wheel wear.
When analyzing microscopic images, the user can count the grains which have been subject to various types of wear [1] [2] [3] [4] [5] . This is an accurate method, but it is very timeconsuming, so the analysis area is usually small. For this reason, image analysis methods are often used to recognize and quantify various forms of wear based on 2D images. In this way, you can specify wear flat area on grains [2, 6] and percentage of smears [6] .
The concept of quantitative assessment of wear forms based on 3D data from topography measurements was presented, among others, in articles [7, 8] . It assumes the detection of flat areas. Depending on their size, they are categorized as smears or surfaces subjected to attritious wear.
Computer methods in comparison to methods based only on the researcher's work may be less precise (due to unavoidable errors of automatic image analysis -in the case of grinding wheels this analysis is focused on the recognition of grains and bond), but allow for quick, automatic analysis of larger GWAS areas and calculation of a larger set of parameters.
Similarly, greater possibilities of analysis in comparison with methods based on 2D data are provided by methods that take into account three-dimensional information about GWAS.
The approach presented in the article to determine the amount of abrasive that has undergone specific forms of wear, assumes measuring the topography of the grinding wheel. As in the studies described in [7] , the smears was distinguished from the grains on the basis of their area. Additionally, it was possible to determine the volume of the fractured abrasive and pulled out from the bond. During the tests, it was checked how the proportion of individual forms of GWAS wear depends on the grinding speed vs.
Subject and methodology of research
The subject of the research was the topography of the active surface of three monolayer wheels with a cBN abrasive with grain number B35 (average grain size dg = 35 μm) at various stages of wheel wear.
The nickel bond of the grinding wheels was applied to the grinding wheel using the galvanizing method. The thickness of the bond layer was 50÷60% · dg.
The grinding wheels were conical in shape, with an angle of cone of 140° and an average diameter of the active surface of 87.2 mm.
Workpieces were made of high-alloy steel with a hardness exceeding 81 HRA. Each grinding wheel worked with a different set of grinding parameters. In each of the three cases, the feed speed and grinding depth were vw = 4250 mm/min and ae = 20 μm, while depending on the grinding wheel the grinding speed vs was set at 18.3 m/s (in the case of the S1 grinding wheel), 27.4 m/s (in the case of the S2 wheel) and 36.5 m/s (in the case of the S3 wheel).
The topography of grinding wheels was reproduced by means of silicone rubber replicas (giving the possibility of reproducing details above 0.1 μm) with black color, made using the Struers RepliSet system. The InfiniteFocus microscope manufactured by Alicona with an ×20 lens was used to measure the topography of GWAS replicas. The vertical resolution of the measurement was 0.1 μm.
Six identical (approximately) GWAS areas measuring 2.25 mm × 2.50 mm were measured at various stages of the wheel wear.
Processing of measurement data along with the separation of particles, corresponding to grains and smears, and pores, as well as the determination of their parameters were carried out in the SPIP 6.4.2 program. The methodology of particles and pores separation is presented in the article [9] . The distinction between grains and smears was based on the analysis of the surface area of the particle. The smear was considered to have a surface area greater than or equal to 2,500 μm 2 -otherwise the particle was considered to be the area corresponding to the abrasive grain (Fig. 1) . The boundary value of the grain and stickiness was assumed at such a level, because on each of the new grinding wheel topography analyzed, at least 99% of the grains had an area smaller than 2500 μm 2 . 
Determination of the volume percentage share of individual forms of GWAS wear
Visual evaluation of photos of GWAS replicas and topography maps allowed to determine that changes in GWAS during the durability period of the grinding wheels were mainly related to three types of wear [10] : grain fracture, pull out from the bond and GWAS smearing.
Parameters of particles, pores and smears were used to calculate the percentage share of particular types of wear. On the basis of a known volume of abrasive on GWAS, expressed in the Vsum parameter (volume of grains per GWAS area unit) -on different grinding wheel stages (i.e. after removal of different material volume) and on the new grinding wheel -abrasive loss due to wear dVsum was determined. Thus, a loss of abrasive was known at a given stage of the grinding wheel operation, which is the result of all types of wear: The research methodology did not allow to distinguish between micro-and macro-fractures of cBN grains.
According to the manufacturer's data, the thickness of the bond layer is 50÷60% of the average grain size, which is why it was assumed that 45% of the grain volume was above the bond. It was assumed that the volume of a recess in the bond remained after grain pull out was 55% of the grain volume. On the basis of the difference in the pores volume at a given stage of the tests Vsum(p) and the pores volume on the new grinding wheel Vsum(p)0, the abrasive volume was calculated, which was pulled out of the bond (the abrasive volume which initially protruded above the bond level):
It was left to calculate the volume of the fractured and covered by smears abrasive. Grains which were surrounded by a material forming a smear of the intergranular space were considered to be smeared. The volume of smeared grains Vzalep was determined approximately based on the percerntage of smears A%(z) on a given wear stage:
where: Vsum0 [μm 3 /mm 2 ] -abrasive volume on a new grinding wheel.
The volume of fractured grains was determined after the equation was transformed (3) . Referring the volume of fractured, pulled out and smeared grains to the total loss of abrasive at a given stage of work of grinding wheel dVsum, the percentage share of particular types of wear was obtained. The percentage of abrasive subjected to a given process of wear was calculated.
Test results
As a result of grinding processes, grinding wheels S1 and S2, working with grinding speeds equal to 18.3 m/s and 27.4 m/s, were completely worn, which was manifested by a sharp increase in grinding force [10] -this increase was taken as a criterion for determining the end of grinding wheel life.
After observing the increase in the grinding force, the grinding process was interrupted and the grinding wheel was considered to be completely wear. The total wear of the grinding wheel S1 occurred after removal of the specific material volume V' = 59 mm 3 /mm in 0.7 min, and the grinding wheel S2 -after removing the specific volume V' = 680 mm 3 /mm during 8 min. The grinding wheel S3, operating at the highest grinding speed, was not completely worn during the tests. Due to the limited number of grinding samples, the tests were discontinued after achieving a material loss equal to V' = 2652 mm 3 /mm. The working time of the S3 grinding wheel was 31.2 minutes.
It can be deduced from the quoted data that the speed of grinding vs significantly affected the wear and durability of the grinding wheel. The increase in the grinding speed resulted in the reduction of grinding wheel wear and the extension of its durability period. It was related to the reduction of the grinding force along with the increase of vs [10] .
The total abrasive loss of grinding wheels S1 and S2, which were completely worn, was respectively 94% and 91% of the initial volume of abrasive. 70% of the available grain volume has been worn on the S3 grinding wheel. Fig. 2 and fig. 3 present a quantitative description of the wear forms of the tested grinding wheels.
During the tests, the most grain material, over 88%, was fractured in the form of grain fragments from grinding wheel S1, working with the smallest grinding speed. From the grinding wheel S2, which has also completely worn out, about 77% of abrasive material has been fractured. The volume share of the fractured abrasive was the highest in the case of the S2 wheel. The volume of fractured grains in the four tested states of the grinding wheel changed slightly, while the share of abrasive pulled out from the bond clearly increased. This is also confirmed by the diagrams in fig. 3 , showing the share of abrasive volume that has been subjected to particular types of wear, in relation to the total loss of grain material at a given stage of the grinding test. Regardless of the grinding speed and the volume of the material removed, the dominant wear process was grain fracture.
In the case of S1 and S2 grinding wheels, more abrasives were pulled out of the bond than was subjected to attritious wear. In the case of the S3 grinding wheel, operating at the highest grinding speed, the abrasive was almost exclusively fractured. Only after the final stage of the grinding wheel operation was there a clear increase in the share of grains pulled out. 
Conclusions
The type of wear processes affects the way wheel grinding microgeometry is shaped, and thus determines the machining properties of the grinding wheel. For this reason, the analysis of the intensity of various wear processes can be helpful in designing and supervising grinding processes.
Considering the types of wear analyzed in the article, the least unfavorable from the point of view of the grinding wheels performance is fracture, and especially micro-fracture of grains. In the case of grains being smeared, GWAS loses the cutting potential that was associated with these grains. Smearing is also associated with the loss of cutting properties by grains, which were somehow obstructed by the incrustation of the workpiece material. In addition, the appearance of smears adversely affects the friction conditions, increases grinding power and temperature in the grinding area.
Fractures of grains causes a loss of abrasive material, so it is an unfavorable phenomenon, however, on the other hand, it causes that new, sharp cutting edges are exposed. The microfractures of grains is the most advantageous form of wear from the point of view of grinding wheel. It does not cause significant loss of abrasive, and at the same time contributes to the self-sharpening of the grinding wheel.
On the basis of the conducted research it was shown that the grinding speed affects not only the durability of the grinding wheel but also the intensity of various wear processes. Regardless of the grinding speed, the dominant process of GWAS wear was grain fracturing.
